ABSTRACT. This paper reports the results of the application of a calcined bone dating protocol to samples collected from the Sanctuary of Zeus on Mt. Lykaion in southern Greece. The site is a mountaintop ash altar rich in anthropogenic sediments, burned bone, and artifacts offered to the god Zeus. Experiments involving time series hydrolysis measurements were conducted on calcined bones from stratified layers throughout the sequence to determine if any of the samples underwent surface contamination from carbonate exchange with the surrounding sedimentary matrix. It was determined that such exchange was unlikely, but samples were acid-etched before pretreatment as a precautionary measure. Paired samples of seeds, charcoal, and calcined animal bone collected from a sediment column in the altar demonstrate the effectiveness of the calcined bone dating technique in this context. The results of dating indicate that the altar was in use from the Mycenaean period through the late Classical period, though samples were not collected from the upper levels of the site due to possible mixing of surface sediments. Fourier transform infrared spectroscopy (FTIR) measurements were taken and crystallinity index values calculated, confirming that the bone samples are indeed calcined. The results presented here correspond with literary accounts of ritual animal sacrifice from historical texts from the 8th century BCE, including the Homeric epics.
INTRODUCTION
Radiocarbon dating bone has historically proven to be difficult in the absence of preserved organic collagen. Unfortunately, collagen is extremely vulnerable to degradation, particularly when burned. It has become increasingly apparent in recent years that 14 C dating structural carbonates is possible when bones are burned to the point of being calcined (whitened). Multiple calcined bone dating protocols introduced in the last decade yield reliable results when compared with 14 C dates from classes of artifacts found in contemporaneous contexts (e.g. Lanting et al. 2001; De Mulder et al. 2007; Olsen et al. 2008; Van Strydonck et al. 2009 ). In this study, a dating protocol inspired by the previously mentioned authors is applied to an archaeological sequence of calcined bones. The faunal remains from the Sanctuary of Zeus on Mt. Lykaion, in southern Greece, provide an ideal test case for the calcined bone dating method. The depositional context is a mountaintop ash altar with over a meter of anthropogenic sediments rich in calcined bone, ash, ceramics, and botanical remains. Diagnostic ceramics date the material found in the ash altar from the Final Neolithic period through the Late Classical or Hellenistic period (about 6000 to 2300 yr ago). This paper presents a series of 14 C dates taken from a sediment column in the deepest part of the altar. The goals of the study are to: 1) test the validity of the calcined bone dating method in this particular context; 2) determine the stratigraphic integrity and possible postdepositional movement of small artifacts in the altar deposits; and 3) establish the timespan during which the altar was in use. This study differs from previous works in that the bones are animal rather than human, and they come exclusively from an open-air surface context, as opposed to rapidly interred burials.
BACKGROUND
In landmark studies by Lanting and colleagues (Lanting and Brindley 1998; Lanting et al. 2001) , it was established that calcined bone has the potential to yield reliable 14 C dates. Over a decade of research now confirms the efficacy of this technique, and the reproducibility of calcined bone dates between different 14 C facilities (Naysmith et al. 2007 ). The method relies on the dating of inorganic structural carbonate ("bioapatite") as opposed to organic collagen that is typically used when dating unburned bone. During burning, bone collagen is destroyed at fairly low temperatures (200-250 C) , while higher-temperature burning (>600 C) causes bioapatite to recrystallize into larger, more stable crystals (Shipman et al. 1984; Quarta et al. 2012) . These crystals form a more compact structure than that of unburned bone, and are less susceptible to contamination from carbonate ion exchange with the surrounding sediments, effectively forming a barrier between the surface and interior of the bone (Van Strydonck et al. 2005 , 2009 . Van Strydonck et al. (2009) showed that under certain environmental conditions, small amounts of surface ion exchange occurs, and recommend acid-leaching the exterior of calcined bone samples before pretreatment to remove possible contaminants.
The most recent generation of calcined bone dating research experimentally tests possibilities for the origin of carbon in calcined bone, beyond atmospheric carbon, specifically examining collagen (Zazzo et al. 2009 ) and fuel sources (Hüls et al. 2010; Van Strydonck et al. 2010) . Zazzo et al. (2009) determine that organic collagen is an unlikely source for the carbon in calcined bioapatite because the organic portion of bone gets destroyed at a low temperature, long before recrystallization. Hüls et al. (2010) and Van Strydonck et al. (2010) seek to test the hypothesis that if "old wood" is combusted during cremation, old carbon is incorporated into bioapatite as it recrystallizes, causing the bone to reflect the date of the wood, as opposed to the date of the cremation. The authors find that using closed furnaces for combustion in laboratory settings can cause "old wood" carbon to recrystalize into bioapatite, but conclude that this probably only occurs under very specific circumstances, and is extremely rare archaeologically (Van Strydonck et al. 2010 , but see Olsen et al. 2012 for an archaeological example of this phenomenon). Incidentally, the top of Mt. Lykaion is harshly exposed and typically windy, so it is unlikely that large amounts of old carbon would incorporate into calcined bone, even if old wood was used as fuel.
Calcined bone dating has successfully been applied to the archaeological record, primarily in the context of human cremations in northern Europe (e.g. Sheridan 2003; De Mulder et al. 2007 , 2009 Olsen et al. 2008 Olsen et al. , 2011 Van Strydonck et al. 2009 , but see Zazzo et al. 2009 for dating calcined animal bones in the Near East and Africa). Due to the depositional environment and suite of available materials for dating, including ample calcined bone, the Sanctuary of Zeus is an excellent location for applying the calcined bone dating technique.
The Sanctuary of Zeus on Mt. Lykaion is located in the mountains of Arcadia, near the modern city of Megalopolis in the central Peloponnese. The site includes a Lower Sanctuary, used primarily during Archaic, Classical, and Hellenistic times, and an Upper Sanctuary, comprised of a temenos (sacred precinct) and a mountaintop ash altar. The altar lies at 1382 m above sea level, covering the entire top of the mountain (520 m 2 ). Initial archaeological excavations took place at the site at the turn of the 20th century (Kontopoulous 1898; Kourouniotis 1904) . Recent investigations at the altar began with a computerized architectural and topographical study of the site in 1996 (Romano 2005) , which subsequently led to excavations from 2007 to 2010 by the University of Arizona, the University of Pennsylvania Museum, and the 39th Ephoria of Prehistoric and Classical Antiquities in Tripolis (Romano and Voyatzis, forthcoming) . Two trenches were excavated on the altar, one northwest to southwest across the top (Trench Z, 2 × 14 m) and one along the southern edge of the mountaintop (Trench ZZ, 2 × 6 m). All samples discussed in this study were collected from Trench Z.
Sediments on the altar are up to a meter and a half thick, and are nearly entirely anthropogenic in origin (Mentzer, forthcoming; Mentzer et al., forthcoming) . This unique depositional environment is 503 extremely rich in fragments of heavily burned sheep or goat femurs, patellas, and caudal (tail) vertebrae (Starkovich, forthcoming) , offered to the god Zeus as part of a ritual called thysia (or ritual sacrifice). During this practice, which is referenced in both Homer's Iliad (2:420-430) and Odyssey (3:418-463), large animals are led to an altar, splashed with barley and water, sacrificed, and dismembered. Certain limb bones, such as the femur, were defleshed, wrapped in fat, and burned as an offering to the gods. Tails were often burned for divining or oracular purposes (Ekroth 2007 (Ekroth , 2008 (Ekroth , 2009 . In addition to hundreds of thousands of calcined bone fragments, thousands of pieces of ceramic vessels, terracotta figurines, bronze and silver coins, miniature bronze tripod cauldrons, barley seeds, olive pits, and roof tiles were recovered from the altar (Romano and Voyatzis, forthcoming) . Micromorphological analyses indicate that the surrounding sedimentary matrix is comprised almost exclusively of bone, ash, and fat-derived char, down to the sand and silt-sized particles (see Mentzer, forthcoming; Mentzer et al., forthcoming, for detailed methodology and results). Ceramic evidence indicates that the altar was in use from the Final Neolithic through the 4th century BCE, with substantial use during the Mycenaean and later periods (Romano and Voyatzis, forthcoming) . Altars of various types are known throughout Greece, but evidence for burnt animal sacrifice in the Bronze Age, as is apparent on Mt. Lykaion, is rare.
METHODS

Sample Selection
In order to test the validity of the calcined bone dating method at the ash altar on Mt. Lykaion, a series of 72 14 C dates from a 25 × 25 × 50 cm sediment column was taken from the deepest part of the site (Figure 1) . Due to the possible mixing of sediments at the surface of the site, sample collection began about 50 cm below the surface. The column was excavated in 5-cm cuts, and 60 paired samples of charcoal, seeds, and calcined bones were collected from every layer. Calcined bone samples were collected during excavation and were double wrapped in aluminum foil before storage in plastic bags. Charcoal and seeds were recovered in situ and treated similarly to calcined bones when possible, but the majority of samples were collected during flotation. These samples were initially placed in pill-casings for several weeks, but were promptly wrapped in aluminum foil and placed in glass vials when the samples arrived at the 14 C laboratory. Each layer (labeled A1-A10 from top to bottom, see Figure 1 ) included 3 calcined bone samples, and up to 2 samples each of charcoal and seeds. Variation in the number of charcoal and seed samples reflects the presence or absence of these materials in the sediments. Calcined bone samples were long bone shaft fragments from medium to large-sized ungulates. Based on the representation of remains at the site, they were most likely fragments of sheep or goat femurs (Starkovich, forthcoming) . Archaeological units observed in-field called baskets (Z123, Z132, and Z139) are included for clarity because multiple 14 C samples fit within each archaeological layer. In addition, 4 calcined bones were selected from each of the 4 layers through the sequence (A3, A5, A7, and A9) to test whether or not surface contamination is an issue with the samples. These 4 samples were each divided into 3 parts so they could be subjected to the experimental protocol outlined below, as well as the "standard" pretreatment method applied to other calcined bones in the sequence, and FTIR measurements.
Pretreatment of Organic Remains
The pretreatment of charcoal and seed samples followed standard NSF-Arizona AMS Lab ABA protocols (Lange et al. 2001) . Samples were first soaked in 1M HCl for 24 hr at 80 C, then soaked in 1M NaOH for 1 or more days at 80 C, and finally soaked in 1M HCl, with each step punctuated by rinsing with deionized water. Samples were combusted under vacuum in the presence of CuO followed by cryogenic separation of CO 2 from the combustion gasses.  13 C values were measured off-line using a dual-inlet stable isotope mass spectrometer, and the remaining CO 2 was converted to graphite for accelerator mass spectrometry (AMS) measurement by the method of Slota et al. (1987) . Results are background-subtracted and isotope fractionation-corrected. The results are reported in 14 C yr BP and the calibrated age ranges expressed in years BCE at the 95.4% confidence interval (Table 1) . Results are calibrated using the IntCal09 curve (Reimer et al. 2009) 
Calcined Bone Experiments and Pretreatment
In selecting calcined bones for dating, visual inspections were conducted to determine the quality of the samples. Only bones with no visible recent cracks or breaks that were entirely white with no traces of gray were chosen. Van Strydonck et al. (2009) determined that in certain environmental conditions, carbonate exchange can occur between the surface of calcined bone and the surrounding sediments. In order to test for this possibility, a series of time-based hydrolysis measurements were taken on 4 samples (A3, A5, A7, and A9) throughout the stratigraphic sequence. Each of the 4 samples were sonicated in deionized water, then ground to 0.25 to 1.0 mm using an agate mortar and pestle. The unpretreated samples were placed in a closed vessel where they were reacted with phosphoric acid to release CO 2 . Carbon dioxide measurements were collected at specific time intervals throughout the reaction ( Table 2 ). The purpose of the time series hydrolysis was to determine if there was directional change in either the 14 C dates or  13 C values "stratigraphically" through a single bone. That is, the first measurement mostly reflects surface conditions, and each subsequent measurement is from deeper within the bone. Since the bones were ground, the measurements do not reflect pure "stratigraphic" measurements on the samples as seen in Van Strydonck et al. (2009) , but they are stratigraphic in the sense that the first measurements are from the outside of ground fragments, and later measurements are from deeper within the powders. In this study, grinding was necessary due to prohibitively long reaction times for whole pieces and concerns over leaving samples on the line for days at a time. 
Fourier Transform Infrared (FTIR) Measurements
Portions of the 4 bone samples used for the time series hydrolysis (A3, A5, A7, and A9) were prepared for FTIR analysis using the method of Wright and Schwarcz (1996) . Twenty-five to 40 mg of bone were crushed to less than 1 mm and soaked in 1.5 mL of 1.5% sodium hypochlorite for 48 hr at room temperature. The powders were washed 3 times in deionized water by centrifugation, and then placed in 1M acetic acid for 24 hr at room temperature. Acetic acid was removed by another 3 washes with deionized water, and the powders dried at 70 C for 24 hr. Samples were gently crushed to <0.1-mm particles using an agate mortar and pestle before loading into the spectrometer.
FTIR measurements were conducted using a Nicolet Avatar 360 spectrometer in attenuated reflectance mode (ATR). The ATR diamond cell was set for a 1-mm path length. Scans spanned 4000 to 525 cm -1 at 6 cm -1 resolution, and each sample was scanned 64 times. Background scans were collected from air. The scans shown in Figure 2 are baseline-and ATR-corrected. Infrared splitting factor (SF) calculations were according to Weiner and Bar-Yosef (1990) , Olsen et al. (2008) , and Hüls et al. (2010) , that is, SF = (A 603 + A 565)/(A valley). Peak and trough heights for our SF calculations were made on baseline and ATR-corrected spectra using a linear baseline drawn between 750 and 525 cm -1 , not 750 to 495 cm -1 used by the cited authors. The alternative baseline was required because high noise levels in our spectra <520 cm -1 obscured the 495 cm -1 absorbance. We estimate the slightly higher baseline had the effect of increasing our SF calculations by 0.2. Quoted values are corrected by this amount. In our spectra, peaks were measured at A 600-602 cm -1 and A 567-569 cm -1 . Valley minima were measured at 590 cm -1 .
Sample
RESULTS AND DISCUSSION
The results from the time series hydrolysis experiments are presented in Table 2 and Figure 3 . Van Strydonck et al. (2005 , 2009 found clear evidence of surface contamination by noticeably older 14 C dates and more negative  13 C values on the outer layers of bones that experienced some surface contamination. The methods used here differ slightly from the above-mentioned studies, in that the Mt. Lykaion samples were ground; however, time series measurements are still expected to produce directional trends if surface contamination was a problem. There are no major trends for 14 C values through the "stratigraphic" sequence of any of the 4 Mt. Lykaion bones. There appears to be a mild directional trend for sample A9 that is mostly driven by a younger date on the outermost measurement of the bone, which may indicate a small amount of exchange between the bone surface and surrounding matrix. No trends are apparent for  13 C values for samples A3 or A5, though samples A7 and A9 display a substantial drop between the first and second measurements (Table 2, Figure 3 ). Table 1 and Figure 4 . In general, there is very good agreement between calcined bone dates and 14 C values for seeds and charcoal. There are several noteworthy observations. First, dates on seeds are very consistent with one another throughout the sequence. This is not the case with charcoal and calcined bone. Rather, there is increasing variation in charcoal and bone dates in the lower sample sets, corresponding with archaeological basket Z139. It is possible that the lack of a similar trend in seed dates is due to the fact that only 1 seed was available for dating from basket Z139, and more varied dates would be apparent if the sample were larger. Another possibility is that small seeds from the upper archaeological units moved through the sedimentary sequence, at least in the case of sample A10b-1 (Table 1 ).
The next observation is that there is a hiatus in dates between about 1000 and 1300 cal BCE. This could represent a gap in the use of the site, but more likely reflects the small sample universe from which 14 C dates were collected. The stratigraphic column is only 25 × 25 cm, from a mountaintop that is approximately 30 m in diameter and covered in cultural remains (Romano and Voyatzis, forthcoming). It is possible that different areas of the altar were used in different time periods, or that cleaning activities occurred during certain phases. Analyses of ceramics from the column and surrounding contexts are currently underway to determine if this hiatus is also apparent in the cultural remains, in order to test the hypothesis that this gap in dates represents changes in the use of different parts of the site. Preliminary results of the ceramic analysis indicate that activity continued during most, if not all, of the period between 1000-1300 BCE (Romano and Voyatzis, forthcoming) .
The range of dates from the altar must also be addressed. No dates later than 550 cal BCE were recorded, with the exception of the outlier from sample A8. This contrasts with the ceramic and other artifactual evidence, which indicates that the altar was used until the 4th century BCE. Recall, however, that due to mixing of the top layers of the site, samples were intentionally collected starting about 50 cm below the surface, in an attempt to establish the success of the method in this context. The 3 earliest dates from the site are noteworthy, both for their antiquity in this context and because they corroborate one another quite well. They place the earliest use of the altar firmly within the Mycenaean period (1600-1100 BCE).
Throughout the sequence,  13 C values on calcined bones were extremely low (-18.6 to -27.1; Table 1 ). This is consistent with calcined bone  13 C values recorded by other authors (Van Strydonck et al. 2005 , 2009 Olsen et al. 2008; Zazzo et al. 2009 ). It is clear from the faunal analysis that the bones in this study all represent terrestrial herbivores, mostly sheep and goats (Starkovich, forthcoming) , and this is reflected in the low  13 C values. Early studies hypothesized that  13 C values from calcined bone could be used to reconstruct past diets (Olsen et al. 2008 ), but it was later shown that carbon exchange with the environment during combustion, as well as possible fractionation during the cremation process, makes such reconstructions unreliable (Zazzo et al. 2009; Hüls et al. 2010; Van Strydonck et al. 2010 ).
The 4 FTIR Spectra are shown in Figure 2 . The reduced absorbance at 874 and 1415 cm -1 in all 4 samples indicates a loss of CO 3 compared to levels found in modern bone. Reduction in the structural carbonate content is characteristic of calcined bone (Stiner et al. 1995) . This observation is consistent with the low carbon yields found after hydrolysis of the bone mineral for 14 C measurement (Table 1) .
Splitting factors for samples A3, A5, A7, and A9 were calculated as 5.3, 4.8, 5.6, 5.7, respectively. All values indicate significant increase in the orderliness of apatite crystals compared with unheated/1M acetic acid-treated bone (see Wright and Schwarz 1996) . High splitting factor values are consistent with calcined bone values found by other authors (e.g. Olsen et al. 2008; Thompson et al. 2009; Lebon et al. 2010; Zazzo et al. 2009 ). The loss of structural carbonate, combined with the SF measurements corroborate the visual assessment that the bones are indeed calcined and therefore likely function as closed systems that resist groundwater carbon exchange.
All 4 samples also show absorption peaks at 2012 cm -1 indicating the presence of cyanamide-apatite bonds. Hüls et al. (2010) and Van Strydonck et al. (2010) showed experimentally that these peaks appear when bone and flesh are combusted together. Habelitz et al. (1999 Habelitz et al. ( , 2001 ) documented nitrogen and carbon incorporation into low carbon synthetic apatite crystals as cyanamide groups, if the apatites were heated to 800 to 1300 C in an ammonia atmosphere, in the presence of graphite. If the 2012 cm -1 peak is a marker for cremation with attached or associated body tissues (as Hüls et al. 2010 suggests) , its presence in the FTIR spectra of 4 out of 4 of Mt. Lykaion animal bones, each from different stratigraphic locations, suggests the large quantities of caprine legs and tails were burnt with flesh on them, over a significant period of time. This archaeological evidence is striking as it seems to reflect practices described in the Homeric epics.
511
The incorporation of fuel carbon into the calcined bone samples does introduce the possibility of an old-wood effect in the 14 C dates. However, evidence of such a systematic effect is absent in the data shown in Figure 4 , as no unexpectedly old dates were observed on calcined bone, and the bone dates correspond well with 14 C dates on charcoal, as well as diagnostic ceramics.
CONCLUSIONS
14 C dating calcined bone samples from the Sanctuary of Zeus on Mt. Lykaion was extremely successful and yielded interesting results, both about the method and the site. In terms of methodology, paired dates on calcined bone and organic seeds and charcoal indicate that the calcined bone dating method works well in this context, and there is little surface contamination of bone samples. Concerning archaeological questions, the dates presented here suggest that, despite some mixed surface deposits observed during excavation, much of the sequence in this part of the site is remarkably intact. This is somewhat surprising, given the intense amount of human activity that occurred at the altar over the centuries. It is possible that there was some vertical movement of very small remains at the site, for example, an outlying charcoal date from sample A8. Alternatively, localized cleaning or site maintenance activities may account for some of the discrepancies in the dates. In particular, the hiatus between 1000 and 1300 BCE and the increased variation between dates on different sample types in the lower part of the site may reflect anthropogenic movement of sediments. Further dating studies, as well as analyses of diagnostic ceramics, will certainly address these questions.
Based on the dates presented here, a tentative model for the formation of the altar can be presented. The site was initially used as a ritual space for thysia starting in the Early Mycenaean period. Considerable variation in dates from the lowest archaeological layers might suggest anthropogenic movement of sediments, but the large quantities of Mycenaean pottery sherds indicate a good deal of activity during this period. Between about 1000 and 500 BCE, the site was used extremely intensively, with over 40 cm of anthropogenic sediments deposited at this time. Ceramic and faunal evidence suggests a continuity of ritual behaviors throughout the use of the site. FTIR absorption peaks at 2012 cm -1 indicate that the bones offered to Zeus were either still fully covered in flesh, or were wrapped in fat as described by early texts that discuss thysia. This ritual behavior probably continued beyond the latest date presented here, because samples were not collected from the uppermost levels of the site.
This study provides a unique crossroads between archaeology, 14 C research, and classical texts.
With an increased understanding of calcined bone dating in this particular context, we hope to date samples from other areas of the altar. Dating the mixed upper layers would help determine an end date for the use of the site. There are also some thin deposits of unburned sediments from the bedrock layers in certain parts of the altar. Faunal remains in these deposits differ drastically to elsewhere in the site, and might represent a different use of the altar during this period. Dating and analyzing these layers could help us understand the development of the ritual use of animals in the region. Finally, an increase in the spatial sampling of the site would help us better understand the formational history of the altar, and if ritual activities were based in different parts of the site through the centuries.
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